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OVERVIEW
The efforts described in this report support the ionospheric specification program of the Air Force Research Laboratory (AFRL). The University of Massachusetts Lowell Center for Atmospheric Research (UMLCAR) has taken an approach that addresses the specification of ionospheric parameters on a global scale; a goal that is particularly facilitated using the UMLCAR-operated Global Ionospheric Radio Observatory (GIRO) . The GIRO provides both real-time and retrospective knowledge of the ionospheric plasma distribution at 65 worldwide locations of the Digisonde ionospheric sounding system [Reinisch et al., 2004] . Such global ionospheric specification and associated global assimilative ionospheric modeling is a major part of space weather forecasting and global communications progress. It is also instrumental to verification and validation of other sensor systems for ionospheric specification, in which GIRO measurements are the "truth" against which their performance is compared. Our support for these goals is presented here.
Ground-based data from ionosondes have been used in this program to develop the basis for a global empirical ionosphere electron density (N e ) model that extends from the E region to the plasmapause. It is generally accepted that ionosphere models need real time drivers, the most important one being the F2 layer peak parameters. Our research is aimed at establishing the accuracy of these real time drivers derived from the GIRO network (Section 2). Using the GIRO data holdings, extensive comparisons are made with other electron density profiling techniques to provide a ground truth for these measurements (Sections 7 and 8). Some of this work focuses on the equatorial ionosphere where incoherent scatter radar data can be used to validate the ionosonde N e profiles and the plasma drifts measured by the collocated ionosonde, providing direct support for the AF C/NOFS mission (Section 6).
High latitude research has concentrated on self-scatter propagation studies over the polar cap using the HAARP transmitter (heater) and suitably located digisondes for reception at several stations (Sections 3 and 4). Irregularities generated by the high power heating are the source of self-scattering of the same heater signal, and the propagation of these signals are investigated by these experiments. Multiple receiving sites at mid latitude and in Antarctica reveal the azimuthal characteristics of this scattering as well as the existence of ducted modes.
Long distance radio communication is often limited by excessive D region absorption and real time drivers are required that can predict propagation outages. The measured amplitudes for vertical HF sounding are a reliable and sensitive measure of the D region absorption that can be made available from any digisonde station. Measurement of the absorption index will be one result of our research that can ultimately become part of a propagation forecast (Section 5).
Ionospheric disturbances, especially during magnetic storms and substorms, have detrimental effects on DoD communication systems. Precision group height has been implemented as an enhanced capability using digital sounders where two closely-spaced frequencies are used to obtain accurate virtual height data. This technique reveals changes in the E layer of the ionosphere, related to traveling ionospheric disturbances and geomagnetic activity (Section 6).
GLOBAL IONOSPHERIC RADIO OBSERVATORY
Introduction
Accurate global modeling of Earth's ionosphere requires data from around the globe and for a long time the data coverage has been inadequate. A quiet revolution in sensor network technologies started brewing in the late 1990s with the advent of low-cost information technology solutions that permitted researchers and engineers to acquire, archive, and access their sensor data without time or distance barriers. The quiet revolution has significantly impacted the network of Digisonde ionospheric sounders installed at 80+ locations in the world, gradually evolving their generally independent subsistence into a Global Ionospheric Radio Observatory (GIRO) portal, http://giro.uml.edu. The GIRO holds 30+ million records of ionospheric measurements collected at 64 locations, including 42 real time feeds (see Figure 1 ).
Analysis of GIRO data uncertainty
Analysis of the ARTIST-derived electron density profile (EDP) uncertainty is a cooperative effort with AFRL/Boston College to study effects of assimilating GIRO data in USU GAIM [McNamara, 2008] . QualScan processing [McNamara, 2006] was used in the study to obtain the ionogram-derived EDP uncertainties. The QualScan's concept of operations is to compare profiles derived from the same ARTIST trace using two independent techniques, (a) "N(h) inversion for Personal Computer" (NHPC) Reinisch, 1982, 1996] and (b) "Polynomial Analysis" (POLAN) [Titheridge, 1985 [Titheridge, , 1988 . Comparative analysis of the NHPC versus POLAN techniques can be found in [Reinisch et al., 1988] . QualScan reports one-half differences between two calculated profiles for each height as the point-by-point error bars of the EDP. While analysis of the obtained QualScan results is out of the scope of this report, we contrasted ARTIST-5 and QualScan techniques for evaluating the EDP uncertainty. Figure 1 . Map of digisondes contributing data to GIRO. Red stars identify online digisondes providing data to GIRO in near-real-time, blue stars denote locations whose retrospective data collections are held in the GIRO archives, and green stars correspond to future installations planned by AFWA.
In order to replicate the QualScan principles of per-point comparison of the NHPC and POLAN profiles, ARTIST-5 software was modified to spawn POLAN and read its results so that uncertainty of the profile inversion can be calculated and added to the uncertainties of the ARTIST autoscaling. Early testing showed large discrepancies of POLAN and NHPC results during nighttime periods and low foF2 critical frequencies (i.e., low solar activity). [Chen et al., 1994] , whereas POLAN uses a model for the start height of the F layer at 0.5 MHz [Titheridge, 1988] and no valley. Conducted study resulted in release of a new POLAN software version that corrects the night-time specification problem for use in the QualScan. Once the new POLAN was released, ARTIST-5 software was modified to include profile inversion uncertainty using a newly developed technique for calculation of per-point uncertainty from available profile boundaries that we described in our 2009 Annual Report. Newly calculated values are placed appropriately in the SAO.XML output files for deliveries to GAIM or other assimilative models.
HAARP INVESTIGATIONS
Introduction
In our 2009 Annual Report, we had described the use of Gakona digisonde ionogram measurements to detect additional echo traces caused by the HAARP heating [Pedersen et al., 2009] during the Fall 2008 HAARP Irregularities and Optics campaign, and the November 2009 campaign with two Digisonde 4D systems delivered and installed in Gakona and Tonsina. The new Digisonde 4D systems provided 10 sec cadence of the ionogram measurements that allowed unprecedented resolution of the artificial layer dynamics during the heating. During 2010, UMLCAR again participated in new joint multi-instrument HAARP campaigns dedicated to the study of the artificial density layers produced by the HF heating. This time the skymap capability of the originally installed DPS-4 digisonde model has been employed to detect and evaluate altitude profiles of the upflow plasma velocities.
February 2010 BRIOCHE Campaign
The February 2010 BRIOCHE heating campaign at HAARP was the first joint experiment involving in situ satellite and remote-sensing digisonde observations of ion outflows associated with artificial ducts produced by the HF heating. Data was provided by the DMSP satellites F15 and F16 overflying the heated region and by the Gakona digisonde running a dedicated high cadence skymap schedule. This was the first application of the skymap capability to the study of ionospheric HF heating. As a result, for the first time the artificial duct-related ion outflow was detected and evaluated in the bottom and topside F region simultaneously.
The Gakona/HAARP digisonde used its echo location capability to detect reflections of transmitted signals from irregular plasma structures in the ionosphere, placing the detected echoes on the skymap plane using their zenith and azimuth angles of arrival [Reinisch et al., 1998 ]. Figure 4 presents two Doppler sky maps, one made just before the HF-heating the other made two minutes into the heating period. The measured Doppler shifts of the reflections are indicated by the color code. Negative Doppler shifts mean motion away from the sounder, i.e., upward motion for vertical or near vertical echoes. Figure 4 (top) shows that prior to heating the irregularities were evenly distributed with Doppler shifts close to zero, which indicates that there is little or no motion of the reflecting irregularities, neither vertical nor horizontal. Two minutes after the heater was turned on, a tight cluster of reflections appeared ± 5° about the magnetic zenith (MZ) (Figure 4 , bottom). Note that the yellow color corresponds to negative Doppler shift, i.e., an average upward speed along the magnetic field line. Soon after the heater was turned off the strong "fast" echoes from the MZ disappeared.
Since the detected echoes come from the magnetic zenith, the measured line of sight velocity corresponds to the plasma motion along the magnetic field line. In earlier digisonde studies, Scali et al. [1995] had validated the digisonde line of site velocities by comparing collocated incoherent radar measurements with digisonde measurements at Sondrestrom, Greenland. 
Progress in Analysis of November 2009 Campaign
During 2010, work continued on the analysis of the data collected during the November 2009 HAARP heating campaign. Along with the ionogram data collected, we began analyzing the data from the skymap measurements made by both digisonde systems at HAARP and Tonsina.
A comparison of the HF skymaps to the all-sky imager camera observations was made. Figure 6 shows simultaneous measurements made by the DPS-4D at HAARP and the collocated all-sky imager camera showing a very good agreement between the two techniques. system and the collocated all-sky camera. The skymap echoes in these maps come from the height of the additional layer observed in the ionogram. The HF and optical images are remarkably similar.
Upgrading the HAARP Digisonde Facility
Successful HAARP experiments involving the Digisonde 4D with its capability for 10-sec cadences of ionogram measurements and a high spatial resolution sensing of the altitude profiles of plasma motion have drawn attention to the new generation of the digisonde instrumentation and resulted in a decision to upgrade existing the Gakona DPS-4 model to the latest Digisonde 4D model. In preparation for the new 4D, custom software work has been initiated to optimize the operational capabilities of the new system in anticipation of the HAARP science modes, environment, operational practice, and new requirements for the data fidelity and system synchronization. Preprocessed data archival to a large capacity external hard drive shall be remotely selectable. Preprocessed data formats shall be documented and provided to the government with unlimited rights.
3
Access to Real-time Data Acquisition
Multiple user access to real-time Digisonde data that impact timely Web access to Digisonde data. A capability to enable the same activities shall also be provided.acquisition shall be provided to assess ionospheric effects from and for frequency management of HAARP transmitter operations. The approach taken shall employ commercial off-the-shelf software that maximizes multiple user access and minimizes dropouts and slowdowns.
4
Data Processing Control A remote, secure approach shall be provided to disable post processing and data communication activities Software development in support of the upcoming upgrade of the HAARP sounder to Digisonde 4D model has been started. Time synchronization of the Digisonde 4D was reviewed and retested to conclude that measurement start is accurate to 5 ms. DCART software was enhanced to provide information screens detailing actual start UT of individual measurements within operational schedule to aid synchronous operations with the heater. Dispatcher software was reworked to separate data delivery activities into an independent thread so as to avoid processing tasks waiting for completion of the data delivery tasks. A technical meeting was held on November 22, 2010 to outline the roadmap for further software development during the next nine months.
Supporting HAARP experiments using the HAARP/Gakona Digisonde
The UMLCAR team had received a number of requests to support various experiments conducted at HAARP by providing real time Digisonde data. For each of the experiments, a specific mode of the Digisonde operation appropriate for the science objective was set up. Table  2 lists the experiments for which UMLCAR provided digisonde support. Production and detection of artificially enhanced density layers
Future Effort
The initiated 4D software development will be completed.
RESEARCH INTO SELF-SCATTERING EFFECTS
Introduction
This research is a joint effort between the University of Massachusetts Lowell and the Institute of Radio Astronomy, Ukraine (IRA NASU) as described in our original BAA proposal. Previously, Yampolski et al. [2005] reported long-distance detection of transmissions from both EISCAT (Norway) and SURA (Russia) including observed motions of the irregularities generated by the heaters using the measured Doppler shifts of the received signals. These data were included into the original BAA proposal where it was suggested to extend those experiments by improving the detection and analysis of these effects with the use of an array of widely dispersed receivers.
The main objective of this research is to investigate the scattering of high power HF radio waves by ionospheric irregularities which are produced by the same HF emission (the "selfscattering effect"). In this study we used transmissions from the HAARP and EISCAT heaters to investigate this phenomenon. The HF radio waves self-scattered from the irregularities generated by the heater transmissions were monitored at several sites remote from the heater. In most locations a digisonde sounder was used as a receiver operating in a passive RF sensing mode. UMLCAR has developed a technique for using existing Digisondes in a narrow band mode to receive such signals.
February 2010 HAARP Scattering Campaign
During this campaign, we ran test experiments at the HAARP heater on February 6 and 8, 2010. The objective was to test the operation of the heater in the special mode with two closely spaced frequencies, which may generate or enhance ion-acoustic waves. The tested frequency separations were 20, 40, and 60 Hz. The preliminary results suggest the possibility of self-scattering effects in this mode at 2850 kHz, though results were not as clearly defined as in February 2008 when self-scattering was observed at 2755 kHz.
March 2010 EISCAT Campaign
As planned, a special campaign with the EISCAT heater facility was carried out on 12-14 March, 2010. The operational mode was similar to the one tested at the HAARP heater in February 2010. As always, several dispersed receive sites were involved in this experiment, including the Ebro digisonde station.
During this short campaign, a very interesting effect was observed on one of the days. On March 14 at two stations, Kharkov (49.9 о N, 36.9 о E) and Irkutsk (52.8 о N, 103.8 о E), the scattered signals were observed simultaneously from 1330 UT to 1400 UT. The observed signals, however, had opposite Doppler shifts, and their intensities did not correlate with the changes in the HF heater power. We, therefore, stipulate that these particular signals were scattered on natural irregularities of electron density near the HF heater. It is known that at high-latitude and polar regions different types of irregularities exist, for example, "polar patches" (e.g., Weber et al., 1984) . During the experiment on March 14 such structures were indeed detected by the collocated Tromso Digisonde. Using the Doppler shifts recorded at the two sites, we were able to estimate the velocity (130 m/s) and direction of motion (almost exactly equatorward) of these structures.
D-REGION ABSORPTION USING DIGISONDE DATA
Introduction
Long distance radio communication is often limited by excessive D region absorption and real time drivers are required that can predict propagation outages. The measured amplitudes for vertical HF sounding are a reliable and sensitive measure of the D region absorption that can be made available from any digisonde station. Measurement of the absorption index will be one result of our research that can ultimately become part of a propagation forecast.
Median D-region profile
To determine the diurnal variation of radio wave absorption using the echo amplitudes measured with an ionosonde, it is necessary to calibrate each sounder using nighttime data when there is no D-region contribution to the system losses. Following up on our previous work, using the digisonde data from Boulder, CO, the calibration was redone using a much expanded database for the same time period, i.e., May through August, 2005. The hours used in the analysis was expanded to 03 to 11 UT making it possible to calibrate over a larger frequency range, now reaching 6.9 MHz compared to 5.5 MHz, previously. Also, the frequency averaging was increased from five frequencies around the center frequency to seven frequencies. These time interval and frequency averaging changes significantly increased the size of the database used for the calibration.
The period from 10 August through 27 August 2005 was selected for noontime absorption analysis because that period was free from X-class flares but there occurred two M-class flares; one on 22 August and the other on 23 August during the daytime. Using the recently improved system calibration technique developed earlier, the background median absorption for the hours around noontime (±2 hours) was calculated for the 17 days. The results are shown in Figure 7 . The uncertainty in the absorption measurements is largest at 5.3 MHz. As discussed later, this impacts the electron density profile fitting process. On the average, the two flares produced approximately 20 dB excess absorption on frequencies between 3.2 and 5.3 MHz; no signal observations were available at the lower frequencies.
Using these absorption curves it was possible to derive a D-region electron density profile for the non-flare days and flare events. The first approach was to invert the absorption integral which is of the form of a Fredholm integral of the first kind. These integrals are notoriously difficult to solve and, unfortunately, we do not have the contractual resources to pursue this approach. The preliminary approach taken here was to derive the Ne-profile by using a trial and error method. Figure 8 shows the same absorption curve as Figure 7 as well as the absorption calculated using the derived electron density profile. Figure 9 shows the profile that was used to fit the digisonde median noontime absorption and the M-class flare absorption.
Four heights were used in the calculation of the Ne-profile to match the four sounding frequencies used in measuring the Digisonde absorption. For the median noontime measurements, the fit is exceedingly good except at the highest frequency (5.3 MHz). At this frequency the absorption has the greatest uncertainty. The question concerning the uniqueness of the derived Ne-profiles is certainly a subject for further investigation, but again limited resources prevented us from pursuing the issue any further at this time. These derived profiles (Figure 9) shows what might be interpreted as a C-layer with a peak density of 4.2x108 m-3 within the Dregion. Figure 9 . Derived electron density profiles that best fits the measured absorption data; black : median noontime profile. red : flare profile.
Flare profile
The same technique as used with the median noon data was used with the flare absorption data. The flare absorption is also depicted in Figure 7 . The absorption at 2.9 MHz during the two flares was too great and no Digisonde echoes were detected. For this analysis, the absorption at 2.9 MHz was assumed to be 60 dB as compared to the next higher frequency at 3.7 MHz which was 49 dB, where a signal was detected. The flare absorption curve is presented in Figure 8 as the black dashed curve. The derived electron density profile that best fits these absorption data is shown in Figure 9 . Between 45 km and 70 km there is approximately one order of magnitude increase in the electron density. This flare model fits the measured absorption very well as shown in Figure 8 (red-dashed curve) . Ultimately, these models could be used to investigate Dregion chemistry as well as the UV and X-ray components of the solar flare.
Recommendations
Using the new Digisonde 4D would make it possible to use the X-mode absorption rather than the O-mode that has always been used up to this point. The X-mode extends the effective frequency range; e.g., if the sounding frequency ranged from 2 to 5 MHz, O-mode (adding the electron cyclotron frequency), the effective frequency range would be from 3 to 6 MHz (assuming f H = 1 MHz) and the effective frequency ranges over a factor of 2. With the X-mode (subtracting f H ) the effective frequencies would then be from 1 to 5 MHz, a frequency factor of 5.
STUDY OF THE IONOSPHERIC RESPONSE TO STRONG GEOMAGNETIC STORMS
Progress
The analysis of the ionospheric response to strong geomagnetic storms was extended to the low and equatorial latitude ionosphere. The approach and results obtained for the mid-latitude ionosphere have been described in detail in previous annual reports.
For this analysis, the following stations have been selected: Jicamarca (Geomagnetic Coordinates: 2.0 S, 355.3 E), Kwajalein (3.8 N, 238 .2 E), Ascension Island (2.5 S, 56.8 E), and Ramey (28.6 N, 5 .2 E). The strongest geomagnetic storms for recent years have been selected. These storms are listed in Table 1 , where for each storm data availability and ionogram cadence are shown for each station together with the four quietest days selected for each storm in order to establish a quiet-day pattern.
All the ionograms available for the storm and quiet days listed in the table have been verified by human experts. The analysis has just begun. The ionospheric response to the geomagnetic disturbances will be analyzed using the peak characteristics of the F2 layer: foF2 and hmF2. Some interesting results have already been found. Figure 10 shows the data for the geomagnetic storm of 15 May 2005 recorded at Kwajalein. Interestingly, the effect of the geomagnetic disturbance on the layer height hmF2 is quite similar to that observed at middle latitudes (lower panel) with two strong upliftings observed soon after the storm commencement, but the effect on the electron density is much smaller (middle panel).
On other storm days, more interesting effects have been observed. Further analysis was based on our earlier work conducted for the middle-latitudinal ionosphere in the frame of this project . The main datasets used were ionogram records from digisonde stations stored in the University of Massachusetts Lowell Database (DIDBase). The following stations were used: Jicamarca (Geomagnetic Coordinates: 2.0 S, 355.3 E), Kwajalein (3.8 N, 238 .2 E), Ascension Island (2.5 S, 56.8 E), Fortaleza (4.8 N, 33.7 W), and Ramey (28.6 N, 5.2 E) . Thirty eight of the strongest geomagnetic storms from the recent years have been selected for analysis. All digisonde data have been manually processed ("scaled") to assure the accuracy of 
Introduction
We worked on the analysis of the accuracy of COSMIC Radio Occultation (RO) measurements as a function of occultation geometry, namely the length of the projection of the occultation tangent points (for which EDP is calculated), conventionally referred to as horizontal smear. Figure 11 shows an example of RO measurements made in the vicinity of Kwajalein on February 17, 2007 and visualizes the smear parameter. While horizontal smears greatly vary for different occultations, for the purpose of the comparison, only measurements with smears smaller than 2000 km were selected. In the RO technique, the vertical EDP is calculated under the assumption of local spherical symmetry of the electron density distribution in the region where the measurement is made. The size of the region is defined by a horizontal smear of a particular occultation. We analyzed the dependence of the RO electron density measurements errors on the horizontal smear of the occultations. It is expected that larger errors are associated with larger smears, since any existing horizontal gradients more significantly violate the assumption of spherical symmetry in the electron density distribution.
The data processing algorithm to study the effect of the occultation smear is rather straightforward: RO measurement error is calculated as a function of the occultation smear. We made the same type of analysis for three stations, Tromso, Kwajalein, and Ebro, Spain. Figures 13, 14 , and 15 present RO electron density measurement errors versus smear lengths. Figure 11 . The data are binned according to the smear value, and median error is calculated for each data bin.
For the Ebro data, shown in Figure 14 , there is a general trend toward larger errors for increasing smear values. This result is in agreement with that obtained for Tromso ( Figure 13 ) and agrees with our a priori expectation. Kwajalein data, however, showed an unexpected trend, with the maximum error corresponding to the horizontal smears between 500-700 kilometers. For larger smears the error in RO measurements turns out to be smaller. Therefore, it can be concluded that for the equatorial region the horizontal smear is not a major factor determining the accuracy of RO measurements. This result is surprising and so far not understood.
